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Enrollment
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I believe I have approved all students who attended the first two lectures 
and confirmed that they are comfortable with the lecture format and the 
final project arrangement



Logistics
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Check the course website for slides and recordings
https://cis7000-fall26.thelabone.org

Reminder of the final project

https://cis7000-fall26.thelabone.org/
https://cis7000-fall26.thelabone.org/
https://cis7000-fall26.thelabone.org/


Goal of This Course
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Use Machine Learning to Build Intelligent Agents



Abstract View of An Agent: Multimodal AI
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𝜋: observations → action

Notation: 𝑡 – time. 𝑜<𝑡  - all observations before 𝑡. 𝑎𝑡  - action at 𝑡.
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Goal of This Lecture
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Use Machine Learning to Sense and Understand The 3D World



• Understand Pinhole camera
• Use the camera model as a natural supervision

• Understand principles of image recognition
• Pattern matching, sliding window
• Multi-stage prediction, result merging
• Evaluation quirks

Connections with the Previous Lecture



Connecting 2D with 3D

Can we use feed-forward networks to do 3D property prediction?
Most existing methods were optimization-based (e.g., COLMAP)



Connecting 2D with 3D

VGGT with randomly initialized camera tokens can “implicitly” do the 
optimization in the feed-forwarding process



Connecting 2D with 3D

Combining different outputs (e.g., depths and camera poses) can be 
more accurate than point map prediction (leveraging camera models)



Today’s Agenda

Part 1: Principles for Image Feature Extraction (Cont’ from last lecture)
• Relational features and contextual features

Part 2: Principles for 3D Representations
• Surface and volumetric representations

Part 3: Principles for Computations on 3D Representations
• Point processing

Part 4: Applications of 3D Prediction Models
• Navigation and Interaction



Today’s Agenda

Part 1: Principles for Image Feature Extraction (Cont’ from last lecture)
• Relational features and contextual features

Part 2: Principles for 3D Representations
• Surface and volumetric representations

Part 3: Principles for Computations on 3D Representations
• Point processing

Part 4: Applications of 3D Prediction Models
• Navigation and Interaction



15

Principles for Image Feature Extraction
Limitation of Convolutional Neural Networks
• By design it only attends to local features
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Two Ideas: Relational Features and Global Contexts
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Two Ideas: Relational Features and Global Contexts

Motivating Task: Video Activity Classification
• We need to consider the feature of the same object in other frames
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Motivating Task: Video Activity Classification
• We need to consider the feature of the same object in other frames
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Two Ideas: Relational Features and Global Contexts

Motivating Task: Image Classification and Object Detection
• We need to consider the global image frame for local recognition
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Two Ideas: Relational Features and Global Contexts

ViT can be seen as a combination of non-local attentions and global 
context attention (through the [CLS] token)
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Two Ideas: Relational Features and Global Contexts



• So far we always used perspective projection + RGB images
• There are many other image types

• Event-based camera
• Orthographic projection

Notes on Image Representations
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Part 1: Principles for Image Feature Extraction (Cont’ from last lecture)
• Relational features and contextual features

Part 2: Principles for 3D Representations
• Surface and volumetric representations

Part 3: Principles for Computations on 3D Representations
• Point processing

Part 4: Applications of 3D Prediction Models
• Navigation and Interaction



3D Representations
Unlike 2D representations, 3D representations are a lot more diverse

3D Point Cloud Mesh Voxels Implicit Surface

slides adapted from https://learning3d.github.io/

https://learning3d.github.io/










3D Representations: Conversions
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From Implicit  Surfaces to Meshes

• Common strategy: sample points to find the “crossing” points
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From Signed Vertices to Faces

slides adapted from https://learning3d.github.io/

https://learning3d.github.io/


From Signed Vertices to Faces



From Signed Vertices to Faces: Marching Squares

slides adapted from https://learning3d.github.io/

https://learning3d.github.io/
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3D Representations: Conversions
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3D Representations: Conversions

slides adapted from https://learning3d.github.io/

https://learning3d.github.io/


• Step 1: Sample points on triangles

• Key idea: 𝑝 =  𝑎𝑝1  +  𝑏𝑝2

• 𝑎~ 0, 1

• 𝑘~ 0, 1

• 𝑏 = 𝑘 1 − 𝑎

From Meshes to Points

(0, 0) 𝑝2

𝑝1



• Step 1: Sample points on triangles

• Key idea: 𝑝 =  𝑎𝑝1  +  𝑏𝑝2

• 𝑎~ 0, 1

• 𝑘~ 0, 1

• 𝑏 = 𝑘 1 − 𝑎

• Unfortunately, doesn’t work

From Meshes to Points

(0, 0) 𝑝2

𝑝1



• Step 1: Sample points on triangles

• Key idea: 𝑝 =  𝑎𝑝1  +  𝑏𝑝2

• 𝑎~ 0, 1

• 𝑏~[0, 1]

• This gives you a quadrilateral
• Then we can discard points outside the triangle

From Meshes to Points

(0, 0) 𝑝2

𝑝1



• Step 1: Sample triangles

• Which one is better?
• Usually we do “uniform” by area

From Meshes to Points



Notes and Take-Aways
• “Correctly” converting different representations is challenging

• Many hidden details: discretization resolution, thresholds, sampling strategies

• Voxel in theory contains “all” information but is very expensive
• Also hard to obtain from camera signals

• Marching cubes, discretization, and sampling are basic ideas
• Implicit surfaces are good for rendering but not very easy to do

computations on



Today’s Agenda

Part 1: Principles for Image Feature Extraction (Cont’ from last lecture)
• Relational features and contextual features

Part 2: Principles for 3D Representations
• Surface and volumetric representations

Part 3: Principles for Computations on 3D Representations
• Point processing

Part 4: Applications of 3D Prediction Models
• Navigation and Interaction





Computation on Point Clouds: Classification

slides adapted from https://learning3d.github.io/

https://learning3d.github.io/


Computation on Point Clouds: Segmentation

slides adapted from https://learning3d.github.io/

https://learning3d.github.io/


The Design Principles of Point Cloud Networks
• Point clouds are not ordered (so convolution does not make sense)
• Therefore, our computational models should be permutation-invariant
• There are other properties we may want (e.g., rotation-invariance)

slides adapted from https://learning3d.github.io/

https://learning3d.github.io/


Two Basic Permutation-Invariant Operations
• Pooling (mean, max) operations are permutation-invariant

slides adapted from https://learning3d.github.io/

https://learning3d.github.io/


Two Basic Permutation-Invariant Operations
• Pooling (mean, max) operations are permutation-invariant
• Applying the same function to each point is permutation-invariant

slides adapted from https://learning3d.github.io/

https://learning3d.github.io/


Classification with PointNet

• “Transform” layers is essentially a squeeze-excitation network!
• A geometric motivation: “undo” the rotation

slides adapted from https://learning3d.github.io/

https://learning3d.github.io/


Classification with PointNet++

• Key idea: adding locality structures through distance-based grouping
slides adapted from https://learning3d.github.io/

https://learning3d.github.io/


Principles of Point Cloud Computation
• Permutation invariance
• Adding global contexts
• Adding locality structures

• There are other things to consider: rotation-invariance, surface normal
structures

• Also a lot of parameters to tune: resolution, sampling strategies



Today’s Agenda

Part 1: Principles for Image Feature Extraction (Cont’ from last lecture)
• Relational features and contextual features

Part 2: Principles for 3D Representations
• Surface and volumetric representations

Part 3: Principles for Computations on 3D Representations
• Point processing

Part 4: Applications of 3D Prediction Models
• Navigation and Interaction



• Two challenges: large scenes and action-relevant representations

Applying 3D Models for Robotics Applications



• Running PointNet on Millions of 
Points is too heavy

• Use hierarchical models
• These models are usually heavily 

biased by the application
(social navigation and object 
rearrangements)

• But in general: doing “attention” on a 
local structure is a powerful idea

Applying 3D Models to Large Scenes



• Mesh makes collision checking easy
and subsequently, path planning easy

Applying 3D Models to Large Scenes



Applying 3D Models for Affordance Prediction



Applying 3D Models for Affordance Prediction



Applying 3D Models for Affordance Prediction
• Use PointNet to predict per-point action 

candidates



Applying 3D Models for Affordance Prediction
• Use PointNet to predict per-point action candidates



Applying 3D Models for Affordance Prediction
• Use PointNet to predict per-point action candidates
• For now these are just “proposals”
• We need an action selection module to decide where and how to act



Questions for Discussion
• Given that we already have depth sensors and IMU sensors, what are the 

advantages VGGT-like 2D-to-3D reconstruction methods?

• For human-computer interaction purposes, what should be design 
principles of 3D representations and computational methods?
• visualization, editing, simulation

• For your application, what is the “best” 3D representation? What are 
important hyperparameters (e.g., resolutions)?

• What are limitations of PointNet / PointNet++ as a 3D computational 
model?
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